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Abstract
To study the correlation between internal protein dynamics and protein functionality
of bacteriorhodopsin, we have performed time-resolved quasielastic neutron scattering
(QENS) experiments combined with in situ laser activation of protein function. A
set of purple membrane samples with different lamellar lattice constants and, hence,
different hydration levels has been examined at different time delays between the laser
and neutron pulses. While the water content affected the lineshapes of QENS spectra,
the laser-induced response remained constant within the accuracy of the method.
Keywords: bacteriorhodopsin, purple membrane, quasielastic neutron scattering,
rotational diffusion, photocycle, laser modulated dynamics
Introduction
Protein dynamics span over many decades in time and are a subject of numerous studies
by various techniques, as the relationship between protein internal motions and function
remains in the focus of major interest.1–4 Although the importance of dynamical effects has
been questioned,5 the search for functional-dynamical correlation has resulted in examples,
which demonstrated that specific molecular motions and biological activity were concurrently
suppressed or ceased because of temperature or hydration decrease.6–9
A seven-helix membrane protein bacteriorhodopsin (BR) is the best-studied light-driven
proton pump10,11 and, therefore, a convenient model system to investigate the interplay of
functional and thermal motions of the protein and its environment. Moreover, the research
in this field is stimulated by potential usage of BR in optoelectronics and in sensor applica-
tions.12 For example, it was observed that the conformational rearrangements in BR and its
flexibility enhance the efficiency of photoconductance.13
Absorption of a light quantum by the retinal triggers a cascade of well-defined protein-
chromophore conformations or intermediates with lifetimes in various time domains.10,14 The
accurately described proton-exchange steps between the key residues after the photoisomer-
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ization of the retinal are accompanied by structural rearrangements in BR, which have been
examined by a variety of neutron, X-ray and electron diffraction experiments and high-speed
atomic force microscopy.15–20 The most pronounced changes in helical tilts are observed dur-
ing the M intermediate, which is widely accepted to be the key step for vectorial proton
transport.10
Quasielastic neutron scattering (QENS)21,22 has also delivered results on function-dynamic
correlation in BR.23,24 Being extremely sensitive to ubiquitous in biological system hydrogen
atoms, QENS probes stochastic motions on the picosecond-nanosecond time scale and has an
advantage of obtaining both spatial and time characteristics of the processes simultaneously.
For instance, it was determined that the suppression of diffusive protein motions in BR and
cessation of the proton transport occur together below 230 K and at hydration levels lower
than 70% relative humidity (r.h.).25 Except varying external parameters, it became possible
to directly observe modulated protein picosecond dynamics during the BR photocycle by
applying a novel type of the laser-neutron pump-probe experiment.26,27 Thus, a temporary
increase in protein flexibility was demonstrated to occur in the M intermediate. However,
due to the technical limitations the analysis had to be carried out for averaged over all detec-
tors spectra, or to put it differently, the spatial information was traded for better statistics.
This fact determined the aim of the following study, where the spectra were analyzed in the
whole experimentally available (E,Q)-domain. Moreover, the laser-induced response of BR
was studied in samples with different hydration level.
Experimental Details
Sample
Purple membrane stacks were prepared as described previously.24 D2O was used to suppress
the incoherent scattering from the solvent and to focus on the internal dynamics of the
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protein-lipid complex. In PM non-exchangeable hydrogen atoms of BR make up 75% of the
total number of the protons,25 so that the predominant part of the measured incoherent signal
is due to the BR contribution. The in-plane lattice constant d were determined on the V1-
membrane diffractometer of the research reactor of the Helmholtz Zentrum für Materialien
und Energie (HZB, Berlin, Germany).28 The data were collected at a wavelength of 4.53 Å.
Different lamellar lattice constants (from 62.4 to 96 Å) correspond to different amount of
heavy water in the sample due to various conditions for sample equilibration.29
QENS Experiment
The principle of a time-resolved QENS experiment has been presented in the previous pub-
lications.26,27 The current measurements were performed on IN5 at Institute Laue-Langevin
(ILL), Grenoble, France. QENS spectra of PM samples were recorded with a time delay of
ti+1 − ti = 7060 µs between individual slices (56 slices in total), the first spectrum corre-
sponded to the time delay of 1000 µs between the laser and neutron pulses.
The sample temperature was maintained constant and equal to 297.0±0.2 K. Within
the margin of error, the temperature of the illuminated samples did not differ from the
temperature of the samples measured in the dark conditions. This can also be inspected
by comparing their QENS-spectra (Figure 1). Thus, the pulse frequency of 2.5 Hz was
sufficient for the light energy delivered to the system via the excitation of the retinal to
dissipate in the system in the course of the time period between two laser flashes. According
to our estimation based on comparison of the spectra of the non-illuminated and illuminated
samples, the thermal equilibration time does not exceed 40-50 ms. A similar value can be
estimated by solving the heat equation numerically. The dissipation of heat in the sample
holder occurs largely through the sapphire windows and the helium atmosphere. However,
the limiting factor in this case is the thermal diffusivity of the sample, which is comparable
to the corresponding value of water. It leads to the temperature decay with the half time of
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35 ms for a typical sample thickness of 15–20 µm. This value is much larger than the rise
time of the M intermediate, so that we could observe alterations related to the photocycle
and maintain the same sample temperature over 6 hour for a single measurement.
The wavelength of incident neutrons equaled 5.0 Å, the corresponding settings of the in-
strument providing an elastic energy resolution function of 90 µeV and an accessible Q-range
of 0.6 – 2.2 Å−1. The efficiency of the detectors was calibrated by measuring a vanadium
standard. The vanadium spectra were also used as the resolution function R(Q,E) of the
instrument. Empty cell runs were performed for further background subtraction.
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Figure 1: Comparison of the QENS spectra at Q = 2.0 Å−1 averaged over time (a, b, black
line) with the spectrum recorded at the time delay of 1000 µs (a, red line) and with the
spectrum measured in the dark conditions (b, green line).
Data Analysis
The standard data reduction of the IN5 data was performed using the LAMP30 software pack-
age. The raw data were corrected for empty cell contribution, sample geometry-dependent
self-attenuation and detector efficiency, converted to energy scale and finally binned into
several Q-groups with ∆Q = 0.2 Å−1 to ensure adequate data statistics.
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The simultaneous fitting of all slices was performed for the whole accessible (E, Q)-space
in a program module31 based on the MPfit procedure.32 This approach has a statistical
advantage over the analysis of individual Q-groups, which was applied only as a preliminary
step to determine possible theoretical scattering functions describing the studied system.
The program module31 was updated to perform automatic fits of all 56 spectra measured
with different time delays (t1 = 1000 µs, ti+1 − ti = 7060 µs) after the laser excitation.
The origin of the QENS broadening in proteins is structural fluctuations occurring irre-
spective of the nature of the solvent and solvent-plasticized motions of side-chains,7 which
lead to a broad and continuous distribution of linewidths. Moreover, in the case of a mem-
brane protein one has to deal with the coupled protein/lipid and solvent dynamics.33 Never-
theless, in terms of the phenomenological approach, a satisfactory fit of the PM data usually
requires only a delta function and two quasielastic components in the quasielastic dynamical
range:26,27
Sphen(Q,E) = I0(Q) · {A0(Q)δ(E) + A1(Q)L(E,Γ1) + A2(Q)L(E,Γ2)}+ bk(Q) (1)
where L(E,Γi) are the Lorentzian components with the half width at half maximum (HWHM)
Γi, I0(Q) ∼ exp(−〈u2〉Q2) is the intensity factor containing the Debye-Waller factor. The
terms A0(Q) and Ai(Q) stand for the elastic and quasielastic incoherent structure factors
(EISF, QISF), respectively. Motions occurring on the time scale faster than several picosec-
onds and giving rise to a quasielastic contribution broader than the given energy transfer
window are taken into account by introducing the flat background term, bk. Used just as the
first step in our analysis, this approach, nevertheless, allowed us to notice that A0(Q) values
tend to a constant value of 0.55-0.60 for Q > 1.8 Å−1. EISF, or A0(Q) provides insight into
the geometry of the spatial confinement, in which localized processes occur,21,22 and such a
behavior serves as an indication of a certain fraction of immobile particles pmob, which do
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not contribute to the overall QENS broadening characterized by the two Lorentzian contri-
butions. The Q-dependencies of the linewidths Γ1 and Γ2 are not typical for unrestricted
diffusion laws (self-diffusion, jump-diffusion, etc21,34) as well. Therefore, the most common
form of the scattering function can be presented as follows:
S(Q,E) = I0(Q) · {(1− pmob) δ(E) + pmobSconf(Q,E)}+ bk(Q) (2)
where Sconf(Q,E) is the dynamic structure factor related to the confined dynamics of flexible
side chains in PM. In order to utilize all the advantages of the simultaneous analysis in
the two-dimensional space (Q,E), the total number of free parameters should be reduced
and the Q-dependent terms in eq 2 should have explicit analytical expressions. There are
several general models applicable for describing localized stochastic motions in biological
macromolecules: rotational diffusion, diffusion in a sphere21,34 or Gaussian model.35 The
background contribution can be approximated by a quadratic dependence (bk(Q) = b+kQ2)
irrespective of the model chosen for Sconf(Q,E). After the χ2-values of the fits with the
different model functions had been compared, we decided in favour of the continuous rotation
diffusion model for our further analysis:
SR(Q,E) =j
2
0(QR)δ(E)+
+
∞∑
k=1
(2k + 1)j2k(QR)
1
pi
k(k + 1) h¯
6τR(
k(k + 1) h¯
6τR
)2
+ E2
(3)
S(Q,E) = I0(Q) · {(1− pmob)δ(E) + pmobSR(Q,E)}+ bk(Q) (4)
where jk(x) is the k-th order spherical Bessel function. R and τR denote the radius of the
sphere and the relaxation time for rotation, respectively. These parameters have the meaning
of the averaged values, because it is an evident simplification to characterize all the variety
of internal motions in the system with a few independent variables. The first five terms of
7
the infinite series in eq 3 were used for calculations, because the higher order terms converge
quickly to zero in the explored Q-range. The typical results of the 2D-fitting procedure are
displayed in Figure 2.
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Figure 2: QENS spectra of a PM sample with the fit curves obtained as a result of the
2D-fitting routing according to eq 3, 4 for selected Q-groups
At this point it is necessary to mention that any laser-induced effects are less pronounced
than the differences in the fit parameters caused by variations in hydration level of different
samples, which were at our disposal. Therefore, we decided not to sum up all the QENS
spectra, but instead to analyse them separately and to compare only the deviations of the
key parameters after laser excitation. Because the scatter of the fit parameters from slice
to slice turned out to be significantly larger than the standard 1-sigma value derived from
the covariance matrix during the minimisation procedure of an individual slice, all the errors
presented here were calculated as 2σ, where σ is the standard deviation of corresponding
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parameters over slices 10–56, or for time delays larger than 71 ms.
Results and Discussion
The analysis of the individual slices showed that some of the adjustable parameters in eq 4
did not exhibit any statistically significant deviation on the timescale of the photocycle in
PM. The relaxation time for rotation ranged from 2.3 ps to 3.5 ps depending on the d-spacing
(Figure 3), but any possible laser induced changes did not exceed 0.4 ps. The parameters
describing the energy independent background and the intensity factors remained constant
as well. The latter means that the mean square displacement of faster vibrational motion
〈u2〉 lies within the error margins of ±3 · 10−3 Å2 in the course of the photocycle. Therefore,
these parameters were fixed to improve the statistics for the other relevant variables in the
further data evaluation.
The radii and the fraction of mobile particles tended to show some changes during the
first milliseconds after the laser excitation, resulting in the drop of A0(Q) for larger Q-values
(Figure 4):
A0(Q) = (1− pmob) + pmobj20(QR) (5)
As can be seen from eq 5, pmob and R are intertwined. In other words, any significant in-
crease in pmob may be compensated by a corresponding decrease in R. In order to avoid
ambiguity in interpreting results, we fixed R to its average value over all slices, especially
since the R-deviations were both positive and negative with a higher degree of scattering.
Finally, on the last step of fitting, only pmob remained variable. Additionally, since pmob can
be considered as an additive parameter, this choice simplifies the analysis of the fit results.
In this case it is more justified to compare laser induced deviations ∆pmob evaluated for the
samples with different hydration level. Figure 5 depicts this parameter calculated the first
spectra of all the samples after the laser excitation (∆τ = 1000 µs). Unfortunately, due to the
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Figure 3: Relaxation time for rotation as a function of the lamellar lattice constant. The
black symbols present the values averaged for time delays larger than 71 ms, whereas the
red symbols are the relaxation times obtained at 1000 µs after the excitation pulse.
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Figure 4: EISF as a function of Q at different time delays after laser excitation. ∆τ1 =
1000 µs, ∆τ2 = 8060 µs are depicted with red and orange color. The blue curves present
EISF calculated for ∆τi > 75 ms.
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Figure 5: Laser induced deviation of the fraction of mobile particles at the time delay
of 1000 µs for the samples with different lamellar lattice constant. The red dashed line
corresponds to the value averaged over all samples
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Figure 6: Laser induced deviation of the fraction of mobile particles as a function of time
delay after the laser excitation. The time delay for the first spectrum equals 1000 µs. The
error bars are 2σ of the values calculated for ∆t > 71 ms. The gray line is the transient
absorption spectrum at λ=412 nm
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large error bars it is impossible to establish any hydration dependence of the laser-induced
response of the system, which could be expected, since the photocycle time characteristics
are significantly affected by the water content in PM. For example, the maxima of transient
absorption changes of the investigated samples are scattered around 1.0±0.2 ms. Moreover,
thermodynamic properties (specific heat capacity, thermal conductivity) of the sample also
differ for drier and wetter membrane stacks. Nevertheless, the average value presented as
the red dashed line in Figure 5 corresponds to a statistically significant positive deviation
∆pmob, which is in line with the previous work,26,27 where the origin and physiological rel-
evance of the transient modulation of protein dynamics during the M-intermediate of BR
have been discussed. According to the interpretation, which also arises from hydration-
dependent experiments,25 the enhanced protein flexibility might function as a "lubricating
grease” for the large-scale structural changes. Moreover, these fast stochastic motions could
be a prerequisite to overcome potential barriers of the protein energy landscape during the
slower large-scale structural changes.2,36 The enhancement of protein thermal fluctuations as
a result of light-induced destabilization was also observed by hydrogen/deuterium exchange
(HDX) mass spectrometry as well.37
Figure 6 illustrates how the excess laser-activated fluctuations in the protein-lipid complex
change in the course of the time. The deviations of the fraction of mobile particles, ∆pmob are
the mean values calculated for all the samples. Although there is a slight enhancement of the
picosecond dynamics at ∆τ=1000 µs, it is necessary to keep in mind that the changes related
to the function of BR during the course of the photocycle can be superimposed with the trivial
temperature relaxation of the sample as a result of dissipation of the absorbed light energy.
To answer this question unambiguously more time delays up to 5 ms have to be considered,
since the temperature relaxation half-decay time is an order of magnitude larger compared
to the photocycle length and, thus, the contributions can be discriminated. Moreover, the
results of the recent time-resolved wide-angle X-ray scattering study demonstrated significant
motions of helices already within 22 µs of photoactivation, prior to the primary proton
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transfer event.18 This highlights the necessity to perform a more careful investigation for
other time delays with QENS. However, this is the subject of the upcoming publication.
Conclusion
The results presented above demonstrate that time-resolved QENS can be a potentially suc-
cessful technique for studying protein dynamics and unraveling structure-dynamics-function
correlations in photosynthesis research. Performed on samples with different hydration level,
the study, however, discloses the existing sensitivity problems of the laser-neutron pump-
probe experiment, which requires significantly longer measurements runs to obtain suffi-
cient statistics. Moreover, it has been shown that an exceptional care should be taken to
avoid/minimize effects related to the energy dissipation through the sample environment in
the time range relevant for the protein function. The next time-resolved QENS study with
a more detailed time resolution during the course of the photocycle will demonstrate a more
complete picture of the transient modulation of picosecond dynamics in BR.
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